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Endocytosis, exocytosis, and lateral diffusion are key mechanisms for AMPA receptor trafficking.
Endocytosis of AMPARs and other postsynaptic proteins has been proposed to occur at specific
endocytic zones (EZs), but the mechanisms that regulate this process are not at all clear. In this issue
of Neuron, Lu et al. show that correct synaptic EZ positioning requires links between the GTPase
dynamin-3 and the Homer/Shank complex.AMPA receptor (AMPAR) trafficking
at the postsynaptic membrane under-
pins the regulation of rapid excitatory
synaptic transmission and synaptic
plasticity. It is well established that
exocytosis, lateral diffusion, and en-
docytosis are key determinants in
AMPAR trafficking. However, the rela-
tionship between these dynamic pro-
cesses and the precise sites and
mechanisms by which synaptic
AMPARs are located to the postsynap-
tic density (PSD) remain the subject of
intense investigation. The PSD com-
prises a complex array of proteins
that bind directly or indirectly to each
other to concentrate receptors and as-
sociated proteins in front of the syn-
aptic release site (Sheng and Kim,
2000). For example, Shank andHomer,
twoproteins of thePSD, can formcom-
plexes that increase the recruitment of
postsynaptic AMPARs and synaptic
strength (Sala et al., 2001). In neurons,
clathrin puncta localize close to the
PSD in the dendritic spine, and it was
proposed several years ago that endo-
cytosis of AMPARs and other post-
synaptic proteins occurs at these sta-
bly positioned endocytic zones (EZs)
to regulate transmission and plasticity
(Blanpied et al., 2002; Racz et al.,
2004). A key question, however, is how
this specialized clathrin endocytic
machinery is stably localized adjacent
to the PSD.
In this issue of Neuron, Michael
Ehlers and colleagues provide an ele-
gant mechanistic explanation of how
the EZ is spatially localized and re-
tained in close proximity to the PSD.They show that correct synaptic EZ
positioning requires links between the
GTPase dynamin-3 and the Homer/
Shank complex. Furthermore, they
show that the localization of the EZ
near the PSD provides local endocyto-
sis and recycling that is necessary to
maintain the functional pool of sur-
face-expressed synaptic AMPARs
(Lu et al., 2007 [this issue]) (Figure 1).
Dynamins are a family of three
GTPases (dynamin-1–3) that sever the
neck of invaginated clathrin-coated
nascent vesicles from the plasma
membrane (Praefcke and McMahon,
2004). Dynamin-1 is strongly impli-
cated in synaptic vesicle endocytosis
at presynaptic terminals, whereas
dynamin-2 has been implicated in
postsynaptic excitatory transmission
(Chowdhury et al., 2006; Luscher et al.,
1999) andAMPARendocytosis (Carroll
et al., 1999). The roles of dynamin-3 are
less clear, although it appears to have
a predominant postsynaptic localiza-
tion (Gray et al., 2003, 2005). Dynamins
contain a proline-rich domain (PRD)
that acts as a protein interaction
module. The PRD is divergent among
the family members (Praefcke and
McMahon, 2004), and one protein
that interacts specifically with the dy-
namin-3 PRD (Dyn3-PRD) is Homer
(Gray et al., 2003). Because Homer
alsobinds toShank via adifferent inter-
action domain (Tu et al., 1999), Ehlers
and coworkers hypothesized that it
could act as an adaptor to couple
dynamin-3 to the PSD scaffold,
thereby allowing EZ positioning close
to the PSD (Figure 1). Initial evidenceNeuron 55, Septfor the involvement of dynamin-3 in
the synaptic positioning of the EZ
came from analysis of immunogold
electron micrographs showing similar
spine localization for both dynamin-3
and clathrin adjacent to the PSD in
the lateral spine membrane. Consis-
tent with this, EZ synaptic localization
was greatly reduced by expression of
the dynamin-3-PRD domain that
inhibits the binding of full-length wild-
type dynamin-3 to Homer. Expression
of dynamin-1 or dynamin-2 PRDs had
no effect. Furthermore, expression of
a point mutant of dynamin-3 that can-
not bind Homer (Dyn3-P800L) also
caused a decrease in PSD-associated
clathrin puncta, whereas expression
of wild-type dynamin-3 had no effect.
These results were also supported by
an RNAi approach to specifically
knock down dynamin-3.
The EZ anchoring role of dynamin-3
does not depend on GTPase activity
and therefore on endocytosis, as, un-
like Dyn3-P800L, which cannot bind
Homer, a GTPase-deficient mutant
(Dyn3-K44A) did not alter the synaptic
localization of clathrin puncta. Inter-
estingly, spine F-actin was unchanged
by expression of Dyn3-PRD or Dyn3-
P800L, indicating that disruption of
the EZ localization is not due to actin
perturbation. The GTPase effector
domain (GED) of dynamin-1 and dyna-
min-2 mediates oligomerization into
ring structures (Okamoto et al., 1999;
Praefcke and McMahon, 2004). Ex-
pression of mutant dynamin-3 lacking
the GED (Dyn3-DGED) increased
the number of EZ-lacking synapses,ember 20, 2007 ª2007 Elsevier Inc. 825
Neuron
Previewssuggesting that dynamin oligo-
merization is required for posi-
tioning of the EZ adjacent to the
PSD. Expression of other dyna-
min-3 mutants established that
neither cortactin nor lipid binding
is involved in synaptic EZ locali-
zation.
Despite the clear demonstra-
tion of a required complex be-
tween dynamin-3/Homer/Shank
to locate EZ near the PSD, the
time frame of this assembly re-
mains unclear. The classical role
of dynamins is to mediate vesicle
fission: a late step in endocytosis
that occurs after clathrin recruit-
ment. Thus, the clathrin anchor-
ing role for dynamin-3 described
here is unexpected. Indeed, it
has been reported by the same
team that the usual half-life of
clathrin-coated pits in spines
is around 1 min (Blanpied et al.,
2002), whereas the EZ clathrin-
coated pits next to PSDs appear
highly stable over a time course of >20
min (Lu et al., 2007; Figure 1B). The
authors suggest that dynamin-2 may
mediate the clathrin-coated vesicle
fission events at the EZ, but themolecu-
lar interplay between dynamin-2, dyna-
min-3, and clathrin recruitment, anchor-
ing at the EZ, and loss of endocytosed
vesicles remains to be resolved.
A useful property of the mature cul-
tured neuronal system used is that
15% of synapses lack an EZ, as de-
fined by a lack of clathrin puncta (Blan-
pied et al., 2002), and these spines
also have markedly lower levels of dy-
namin-3. Lu et al. compared surface
labeling of the AMPAR subunit GluR1
at these EZ-lacking synapses to the
majority of EZ-containing synapses
and found they had 50% fewer sur-
face GluR1. They further noted that ex-
pression of either Dyn3-PRD or Dyn3-
P800L also caused a significant loss
of synaptic surface GluR1 and GluR2
subunits and decreased the ratio of
AMPAR to NMDAR synaptic staining.
Consistent with these observations,
they show a significant decrease in
both the frequency and amplitude
of miniature excitatory postsynaptic
currents (mEPSCs) in cells expressing
Dyn3-PRD or Dyn3-P800L. The de-
crease in mEPSCs amplitude is con-
sistent with the decreased staining
for postsynaptic AMPARs, while the
effect on the frequency may indicate
a decrease in the number of function-
ally active synapses. These data sug-
gest that the PSD-associated EZ acts
tomaintain AMPARs at the postsynap-
tic membrane and sustain basal excit-
atory transmission.
At first sight, these results appear
counterintuitive, so an obvious ques-
tion is how does endocytosis of AM-
PARs at the PSD-associated EZ act to
maintain surface-expressed synaptic
AMPAR? Lu et al. put forward the hy-
pothesis that the EZ captures AMPARs
that exit the PSD via lateral diffusion
and promote their recycling back to
the PSD, thereby preventing their diffu-
sion away from the synapse (Figure 1).
Therefore, intervention to uncouple
the EZ from the PSD should slow the
initial internalizationkineticsofAMPARs
(because they have to diffuse further
before being internalized) without
affecting the absolute amount of
AMPAR endocytosis. This is indeed
what they observed using live cell
antibody feeding assays. An inter-
esting potential future addition to
these observations would be to
directly monitor the lateral
diffusion of surface-expressed
AMPARs under conditions
where dynamin-3 binding is
disrupted.
The concept of endocytic traf-
ficking localized within the spine
suggests that individual spines
can differ in their dynamic re-
gulation of AMPARs and other
membrane proteins. EZs near
the PSD provide the means for
rapid control of surface-ex-
pressed synaptic proteins and
may help maintain the molecular
composition of a given spine by
preventing diffusion of mem-
brane components to neighbor-
ing synapses. While beyond the
scope of the current study, there
are many interesting questions
that arise from this work. For ex-
ample, does the EZ distinguish
between new AMPARs entering
the spine by lateral diffusion
from the dendritic shaft destined
to be localized at the PSD from those
that have exited the PSD and are
diffusing away from the synapse?
In other words, are the receptors
‘‘tagged’’ to indicate whether they
should be internalized. Similarly, are
all AMPARs endocytosed at the EZ
recycled inside the spine, or is there
a further sorting step after internaliza-
tion into recycling and degradation
pathways? The sites and mechanisms
of the exocytosis component of spine-
localized recycling remain to be de-
termined. For example, are recycled
AMPARs reinserted directly into the
PSD, and if so, is the exocyst protein
Exo70 (Gerges et al., 2006) required?
Further, the spatial localization of the
EZ could be a general feature of mem-
brane organization peripheral to the
PSD and constitute a general mecha-
nism for the removal of membrane
proteins at the edge of the PSD. For
example, are NMDA, kainate, and me-
tabotropic glutamate receptors pro-
cessed in a similar manner?
A major conclusion of this paper is
that rather than being principally
a mechanism for receptor removal,
the PSD-associated EZ acts as a lo-
calized mechanism for receptor re-
capture, recycling, and retention
Figure 1. Schematic Illustrating How the Endocytic
Zone Serves to Recapture Diffusing AMPARs and
Relocate Them to the Postsynaptic Membrane via
Recycling
The diagram shows a representation of a protein complex
between SHANK, Homer dimers, and dynamin-3 that
localizes clathrin in the vicinity of the postsynaptic density
(PSD). The proline-rich domain of both Shank and
dynamin-3 bind the Ena/Vasp homology domain of Homer
proteins. In addition, dynamin-3 oligomerizes with other
dynamins via its GTPase effector domain.826 Neuron 55, September 20, 2007 ª2007 Elsevier Inc.
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this work is that activity-dependent re-
cruitment and/or stabilization of the
endocytic machinery in spines acts to
regulate the number of postsynaptic
neurotransmitter receptors. Although
the effects of plasticity on EZ localiza-
tion are not directly tested in this pa-
per, this is certainly a plausible hypoth-
esis since, as the authors point out, the
truncated Homer isoform Homer1a is
an activity-regulated gene product
(Ango et al., 2000), and Homer1a ef-
fectively disrupts the binding of dyna-
min-3 to Homer/Shank and thereby
uncouples the synaptically localized
EZ from the PSD. Future experiments
to investigate the role of the EZ in plas-
ticity will be of considerable interest.
For example, NMDA application leads
to a decrease in synaptic AMPARs
(due to clathrin-dependent endocyto-
sis), and we have shown that a de-
crease in extrasynaptic receptors
precedes the decrease in synaptic
AMPARs (Ashby et al., 2004). Does
NMDA treatment then uncouple the
EZ from the PSD, allowing it to migrate
rapidly outside the spine, or is its en-
docytic capacity reduced, allowing
synaptic AMPARs to laterally diffuse
away from the PSD to be endocytosed
in the dendritic membrane? Conver-
sely, is long-term potentiation (LTP),
characterized by an increase in post-
synapytic AMPARs, correlated with in-
creased binding of dynamin-3 with the
Homer/Shank complex? In other
words can the EZ-PSD stoichiometrybe altered by protocols that induce
plasticity?
In summary, Lu et al. convincingly
demonstrate that the localization of
the EZ close to the PSD is mediated
by a physical interaction between the
postsynaptic adaptor protein Homer
and dynamin-3. This dynamin-3-Ho-
mer complex couples the endocytic
apparatus to the PSD via Homer bind-
ing to the core PSD scaffold protein
Shank. They demonstrate that disrup-
tion of dynamin-3 uncouples the EZ
from the PSD and results in a loss of
synaptic AMPARs and decrease in
synaptic transmission. These findings
indicate that spatially localized endo-
cytosis and presumably local recycling
acts to retain AMPARs, and potentially
other membrane proteins, in the vicin-
ity of the PSD by internalizing and rein-
serting them before they drift away by
lateral membrane diffusion. These new
results add another dimension to our
increasing understanding of how syn-
aptic AMPARs are dynamically regu-
lated and provide further insight into
the molecular mechanisms underlying
neuronal function.
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